Analysis of coexpressed genes in response to different perturbations at the genome-level can provide new insight into global regulatory structures. Here we performed integrated data analysis for a crossspecies comparative investigation by exploring genomes and transcriptional coexpression profiles in Aspergillus oryzae and Aspergillus niger. Based on our analysis of conserved coexpressed genes, fatty acid catabolism via beta-oxidation, fatty acid transport, the glyoxylate bypass, and peroxisomal biogenesis were identified as core coevolved pathways between the two species. The occurrence of coexpression patterns, allowed for identification of DNA regulatory motifs and putative corresponding transcription factors, and we hereby show that comparative transcriptome analysis between two closely related fungi allows for identification of how genes involved in the utilization of fatty acids, peroxisomal biogenesis, and the glyoxylate bypass are regulated. Interestingly, ''CCTCGG'' was identified as a core binding site for the putative FarA and FarB transcription factors that govern the underlined biological processes. Phylogeny and domain architecture analysis of amino acid sequences of FarA and FarB in eight species of aspergilli, clearly indicate that these proteins are evolutionarily conserved across Aspergillus species as well as they are conserved in other fungi.
Introduction
T he recently completed genome sequences of several Aspergillus species provide a good opportunity to better understand the biology of fungi through comparative genomics. Comparison of DNA sequences in these fungal genomes enables us to identify genes and their functions as well as regulations based on evolutions (Fedorova et al., 2008; Galagan et al., 2005; Nierman et al., 2005) . To translate information in DNA sequences to biological functions, functional genomics has emerged as a research field that involves systematic analysis of gene function via omics technologies (Brent, 2000; Hieter and Boguski, 1997) . Transcriptomics has been widely used in many studies with high reliability and reproducibility (Shi et al., 2008) . Transcriptomics can be used for identification of coexpressed genes that provide hints toward inferring gene function based on the concept of guilt by association, that is, coexpressed genes are likely to serve similar purposes and to be regulated by similar mechanisms (Altman and Raychaudhuri, 2001; Schulze and Downward, 2001) . Several publications have shown that clustering of genes according to their mRNA expression profiles often share common upstream sequence motif(s) (Brazma et al., 1998; Tavazoie et al., 1999 ) allowing for inferring the transcription factor (s) that potentially bind the motif (s) and probably regulate the genes in the cluster. This strategy has been widely applied in several organisms such as Saccharomyces cerevisiae (Wolfsberg et al., 1999; Young et al., 2003) , mammalian cells (Oldham et al., 2006) , Arabidopsis thaliana (Vandepoele et al., 2009) , and also in filamentous fungi, that is, Aspergillus nidulans (David et al., 2006) , A. niger and A. oryzae (Andersen et al., 2008b; Salazar et al., 2009; Vongsangnak et al., 2009) . Although several transcriptome data sets from previous studies are publicly available, there are a few insightful studies on transcriptional regulation systems in aspergilli. Thus, there is an opportunity to enrich the information content in already published data with the objective to perform analysis that leads to underline the core biological processes on both genotype and expression in different aspergilli and hereby identify the possible coexistence of DNA regulatory motifs and transcription factors.
In this study, we aim to carry out cross-species analysis of genome-wide transcriptional coexpression patterns under different growth conditions, specifically to identify concerted transcriptional changes of genes that clearly reflect cellular adaptations. Our analysis first focus on comparative analyses between A. oryzae and A. niger at the genome and the transcriptome levels. The results were combined to reconstruct core metabolic pathways in the two species that are coevolved and have similar environmental responses. Our study demonstrates that most of the genes in these two species have similar environmental responses in terms of gene expression patterns, but there are a few of these responses that can be found to be due to conserved regulatory motifs between the two species.
Methods

Pair-wise protein sequence comparisons
The complete set of amino acid sequences of the open reading frames from A. oryzae RIB 40 (Machida et al., 2005) (version 1) and A. niger ATCC 1015 (version 3) (http:== genome.jgi-psf.org=Aspni5=Aspni5.home.html) were compared against each other by using BLASTP (Altschul et al., 1990) to identify their homologues. An estimated expectation value of cutoff of 1E-30, alignment length of 200 amino acids, and percentage identity of 40%), were set to evaluate statistical significance of conserved orthologues. Bidirectional BLASTP was applied to obtain the most conservative set of 1:1 orthologues between the two Aspergillus species. The full subset of gene orthologues is listed in Supplementary File 1.
Microarray data acquisition and analysis
Affymetrix CEL-data files were preprocessed using the bioconductor package (Gentleman et al., 2004) on the R software version 2.9.0 (R Development Core Team). Of the 13,120 putative genes identified in the genome of A. oryzae (Machida et al., 2005; Vongsangnak et al., 2008) , 12,039 probe sets were used for microarray analysis. Of the 11,200 putative genes identified in the genome of A. niger, 11,122 probe sets were used for microarray analysis (Andersen et al., 2008b) . Normalization was performed by using the qspline algorithm (Workman et al., 2002) . The probe intensities were corrected for background and gene expression values were calculated by using the Probe Logarithmic Intensity Error (PLIER) estimation method (Seo and Hoffman, 2006) . All statistical analyses were invoked through the affy package (Gautier et al., 2004) with R scripts (Dudoit et al., 2003) . In order to conduct an initial characterization and quality assessment of all microarray data sets, we applied Principal Component Analysis (PCA) based on Singular Value Decomposition (SVD) (Alter et al., 2000) to visualize and detect global variation of gene expression data. Statistical analysis with multiple testing corrections (Benjamini-Hochberg correction method) by oneway analysis of variance (ANOVA) test applied to the four different carbon sources dataset (i.e., glucose, maltose, glycerol, and xylose) was used to determine significantly different gene expressions in A. oryzae or A. niger. A cutoff value of adjusted p-value <0.075 was considered to ensure identification of statistically significant mRNA levels for both Aspergillus species.
Clustering analysis
Consensus clustering algorithm was used (Grotkjaer et al., 2006) in order to identify similar expression patterns among four different carbon sources as mentioned above. The algorithm was implemented in the MATLAB toolbox called ClusterLustre. In data preprocessing process, Pearson's correlation coefficient was used for similarity measurement of average expression values from three biological replicates in each carbon source. This allowed us to cluster gene expression of A. oryzae and A. niger, simultaneously. Then clustering was performed by using a K-means algorithm.
Evaluation of function and metabolic pathway enrichment
The functional categories of gene ontology (GO) were retrieved from the Joint Genome Institute ( JGI) database for A. niger and Uniprot protein database for A. oryzae. The reporter algorithm (Oliveira et al., 2008) was first employed to uncover the important GO terms across conditions by integration of GO with significance values of the transcriptome data. The results of significant reporter GO terms ( p-value <0.05) are found in Supplementary File 2. We also evaluated whether there was overrepresentation of genes associated with a metabolic pathway within a cluster of genes by using the genome-scale metabolic models iWV1314 (Vongsangnak et al., 2008) and iMA871 (Andersen et al., 2008a) for A.oryzae and A. niger, respectively. These enrichment evaluations were performed using standard hypergeometric tests. We assessed significant categories using a p-value <0.05.
Detection of DNA regulatory motif and transcription factor DNA regulatory motifs were identified by using R 2.9.0 with the cosmo package (Bembom et al., 2007) . A background Markov model was precomputed by using the intergenic regions from the Aspergillus sequences by following our previous work (Andersen et al., 2008b) . The two-componentmixture (TCM) model approach was employed to search for the most overrepresented motif in all genes in each cluster of gene expression using a thousand base pairs of upstream sequences of the relevant genes of both species simultaneously. The upstream sequences of A. oryzae and A. niger coexpressed genes were extracted from the Broad Institute database (http:==www.broad.mit.edu=annotation=genome= aspergillus_group=MultiDownloads.html). To obtain a biological meaning from the motif identification results, the obtained overrepresented motifs were queried against known or predicted Aspergillus consensus motifs or other fungal functional consensus sequences from literature or public databases to identify potentially associated transcription factors. The overrepresented motifs were further investigated at the genome-wide level by analyzing 1,000-bp upstream sequences of all genes in both species. To evaluate the global functions of the group of genes that contain the motif(s) in their upstream sequences, GO enrichment analysis for each group of genes was performed using a standard hypergeometric tests.
Conserved domain architecture and phylogeny analysis of FarA and FarB proteins in aspergilli
To identify conservation of the proteins FarA and FarB in aspergilli, we performed comparative sequence analysis of these proteins. Initially, the known amino acid sequences of FarA and FarB of A. nidulans original Glasgow strain 166 VONGSANGNAK ET AL.
( Hynes et al., 2006) were extracted from GenBank database (http:==www.ncbi.nlm.nih.gov=) with accession numbers ABD51992.1 and ABD51993.1, respectively. The complete set of the two amino acid sequences of A. nidulans original Glasgow strain was used as query for searching against the amino acid sequences of 10 different Aspergillus sequenced genomes by using BLASTP (Altschul et al., 1990) . The sequenced species included were: A. oryzae RIB40 (Machida et al., 2005) , A. niger CBS 513.88 (Pel et al., 2007) , A. niger ATCC 1015 (version 3.0) (http:==genome.jgipsf.org=Aspni5= Aspni5.home.html), A. nidulans FGSC A4 (version 4) (Galagan et al., 2005; Wortman et al., 2009) , Aspergillus fumigatus Af293 (Nierman et al., 2005) , A. fumigatus A1163 (Fedorova et al., 2008) , Aspergillus flavus NRRL 3357 (Payne et al., 2006) , Aspergillus terreus NIH2624 (www.broad.mit.edu=annotation= fungi=aspergillus_terreus), Aspergillus clavatus NRRL 1 (Fedorova et al., 2008) , and Aspergillus fischeri NRRL 181 (Fedorova et al., 2008 ). An estimated expectation value cutoff of less than 1E-100, more than 40% identity, and more than 200 amino acids of alignment length was set to assess statistical significance for identification of orthologous genes. The evolution of Far proteins in the aspergilli investigated was inferred using the UPGMA method (Sneath and Sokal, 1973) . The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (50,000 replicates) (Felsenstein, 1985) . The tree was drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method (Zuckerkandl and Pauling, 1965) , and were in the units of the number of amino acid substitutions per site. All positions containing gaps and missing data were eliminated from the dataset. Phylogeny analyses were conducted in the software MEGA4 (Tamura et al., 2007) . To identify conserved protein domain structure for FarA and FarB, we applied conserved domain database (CDD) containing domain models imported from a number of reliable databases (Pfam, SMART, COG, PRK, TIGRFAM) (http:==www.ncbi.nlm.nih.gov=Structure= cdd=wrpsb.cgi) for domain analyses.
Results
Comparative analysis of coevolved genes in A. oryzae and A. niger As a basis for our cross-species comparative investigation at the genome level of A. oryzae and A. niger, genes having orthologues in the two species were identified by using a BLASTP-based comparison (see Methods). Using this approach 5,928 conserved genes (1:1 orthologues) were found (see Supplementary File 1) and this gene set was used to identify transcriptional coexpression described in the following.
Identification of transcriptional coexpression
Quality evaluation of multiple microarray data sets. In our analysis, we used biological triplicate transcriptome data from A. niger and A. oryzae grown on glucose, xylose, maltose, and glycerol. All data were published earlier by our group (Andersen et al., 2008b; Salazar et al., 2009; Vongsangnak et al., 2009) . As these data were generated as part of different studies, we first checked the quality of the data, in particularly, with respect to whether the three replicated experiments on the four different carbon sources for the two species grouped together. For this purpose, we performed SVD-based PCA (see Methods). The results are shown in Figure 1 . It is seen that there is a high reproducibility of the transcriptome data sets from the independent biological replicates, and they are also well separated with respect to the different conditions for each species. The data set was therefore confidently used for further analysis.
Statistical transcriptome data analysis. All 12 data sets from the four different carbon sources of A. oryzae or A. niger were used for performing a one-way ANOVA using normalized transcriptome data from all the replicated experiments. This allowed the detection of the genes with the largest expression variance response across the different carbon sources leading to identification of 2,115 and 4,957 significantly differentially expressed genes for A. oryzae and A. niger, respectively. A list of these significant genes is presented in Supplementary File 3. The significantly regulated genes in both species were cross-compared with the list of the 5,928 conserved genes for the two species. This resulted in the identification of 687 significantly regulated genes in each species that are orthologous between the two species (see Fig.  2 ). All significant values were integrated into the GO network and the reporter algorithm was used to identify the important GO terms across the different carbon sources for both A. oryzae and A. niger (See Supplementary file 2). Considering the other orthologous genes, we could not find any significant coexpression patterns. This indicates that the orthologues may have different transcriptional regulations between two species.
Gene clustering. The statistical significant genes of the two species, which were identified from the one-way ANOVA analysis as reported above, were clustered according to their similar gene expression patterns across the four different carbon sources. Using a consensus clustering method (Grotkjaer et al., 2006) , six patterns of environmental response for both aspergilli were achieved as shown in Table 1 , with the details of genes in each cluster reported in Supplementary File 4. Evaluation of metabolic pathway enrichment in all six clusters is presented in Table 1 . Commonly, genes with highly correlated expression profiles are likely to have related functions and even possible common transcriptional regulation if it is based on evolutionary sequence conservation. We therefore combined the analysis of coevolved genes of A. oryzae and A. niger as described in the previous section with the occurrence of coexpression pattern to underline core conserved cellular processes in both genotype and gene expression. As shown in Table 1 , interestingly, there are only two clusters, namely, cluster 1 and cluster 2, that have a significant number of genes with occurrence of coexpression and conserved orthologues. Following both criteria, 238*2 genes shown in cluster 1 and 23*2 genes in cluster 2, were identified in A. oryzae and A. niger as coexpressed and conserved between the two Aspergillus species.
Identification of core cellular processes of coexpression and coevolution for cross-species comparison of aspergilli As mentioned above, there are many genes in cluster 1 and cluster 2 that are orthologous and coexpressed in the two fungi. Considering cluster 1, it is clear that genes were upregulated in response to growth on glycerol, which is also found by the identification of genes associated with the metabolic pathway of glycerol metabolism. The cluster contains a number of coevolved and coexpressed genes that have been annotated with similar functions, that is, genes encoding enzymes involved in fatty acid catabolism by the beta-oxidation pathway, fatty acid transport (e.g., mitochondria carnitineacylcarnitine carrier protein and peroxisomal long-chain acyl-CoA transporter), the glyoxylate bypass, peroxisomal biogenesis, and function. These were also found in reporter GO, such as peroxisome (GO:0005777), glyoxylate cycle (GO: 0006097), lipid metabolic process (GO:0006629), and glycerol metabolic process (GO:0006071) (see Supplementary File 2). The results indicate that there is a coregulation of metabolic pathways involved in glycerol and fatty acid catabolism, probably due to the coexistence of these compounds as triacylglycerides and phospholipids in nature. In fungi, the betaoxidation pathway has been studied for localization by Shen and Burger (2009) , based on a large scale in silico screening of localization prediction for all relevant enzymes in more than 50 fungal species, the results showed that this pathway mainly takes place in the mitochondria and the peroxisome.
To evaluate whether the two aspergilli contain coevolved pathways, we mapped the 238 conserved coexpressed genes identified in cluster 1 onto the genome-scale metabolic networks of A. oryzae (Vongsangnak et al., 2008) and A. niger (Andersen et al., 2008a) . Once gene-metabolic pathway mapping was performed, the results showed that conserved coexpressed genes were involved in fatty acid catabolism by beta-oxidation. In addition, we also found enzymes=protein functions involved in the glyoxylate bypass and peroxisomal 0 corresponds to the number of genes differentially expressed in either A. oryzae or A. niger, respectively. c and c 0 corresponds to the number of genes present in each Aspergillus species, where some of them are conserved genes in both organisms, but not differentially expressed; a þ b þ c represents the total number of genes present in the genome of A. oryzae; a þ b 0 þ c 0 represents the total number of genes present in the genome of A. niger.
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protein functions (peroxins) to be conserved. The common pathways and core protein functions for the two Aspergillus species are illustrated in Figure 3 . Besides, the other pathways as shown in cluster 1 (Table 1) , such as the glycolysis and gluconeogenesis, the polysaccharide metabolism, the amino acid metabolism were also found as overrepresented pathways between two Aspergillus species as presented in the previous studies (Andersen et al., 2008b; Salazar et al., 2009 ). For the genes in cluster 2, the pattern indicates upregulation of genes in response to growth on xylose, and not surprisingly it is found that many of these genes are associated with the arabinose and xylose metabolic pathways (Table 1) and reporter GO terms like xylan catabolic process (GO:0045493), transaldolase activity (GO:0004801), and D-xylulose reductase activity (GO:0046526) were highlighted. We also performed mapping of the 23 conserved genes onto the metabolic networks of both aspergilli. As expected, we found coevolved pathways that are mainly involved in pentose metabolism, especially the xylose degradation pathway, and nucleotide sugar metabolism (see Supplementary File 5). This result showed good agreement with our previous dedicated study of the conserved response to growth on xylose in three Aspergillus species (Andersen et al., 2008b) .
Analysis of DNA regulatory motif and transcription factor underlying coexpression
Genes with similar expression profiles will often have their promoter regions bound by common transcription factors at specific motifs and potentially regulated through common regulatory mechanisms. By promoter sequence analysis, we sought for potential cis-regulatory motifs in the upstream DNA sequences and further searched for the corresponding transcription factors that underlie the transcriptional coexpression patterns. The 1,000 base pairs (bp) of the upstream regions from the start codon of relevant genes in each cluster were analyzed to find the most overrepresented common motif (see Methods for details). For example, for the genes belonging to cluster 1, a 1 kb upstream sequence from the start codon was scanned to identify an overrepresented pattern. This was done for all the genes from the A. oryzae genome (290 genes) and A. niger genome (487 genes). Hereby, we identified the motif, ''CCTCGG'' (reverse complement, CCGAGG) for this cluster. Several other common motifs for other genes found in the other coexpression clusters were also identified and the corresponding logo plots of all detected motifs are presented in Table 2 .
To analyze transcription factors that could potentially bind to the DNA motifs identified, we compared the motifs with known or predicted Aspergillus consensus motifs from public databases or the literature. We found that four out of six of the overrepresented motifs are highly conserved in fungal species and allowed for identification of putative transcription factors as summarized in Table 2 . The identified motifs were con- sistent with known binding sites of known transcription factors in aspergilli, such as FarA (Hynes et al., 2006) , FarB (Hynes et al., 2006) , XlnR (Andersen et al., 2008b) , CreA (Chamalaun-Hussey, 1996) , and Adr1 ). As described above, the core cellular processes with coevolution and coregulation found in cluster 1, are likely regulated by the FarA and the FarB proteins that can potentially bind to the overrepresented consensus pattern ''CCTCGG.'' There are a few studies on these proteins reporting their existence in the genomes of Aspergillus species (Hynes et al., 2006; Ramírez and Lorenz, 2009 ). However, a number of studies have been reported that the Far protein family governs transcriptional activators controlling the utilization of fatty acids in several fungi (Hynes et al., 2006 ). An elegant study presented by Hynes et al. (2006) , showed that these transcription regulatory proteins FarA and FarB can bind to DNA sequences at the 5 0 upstream region of a large number of genes involved in fatty acids catabolism related processes in A. nidulans. Following their results, they concluded that FarA and FarB mainly induce genes via binding to the 6-bp core sequence ''CCTCGG'' in the 5 0 upstream regions. They also found that genes involved in catabolism of fatty acids have a high enrichment of the core motif on their promoters. From their conclusions, we further performed our analysis of occurrence of the ''CCTCGG'' sequence in the upstream regions of core genes that have transcriptional coexpression and coevolution in cluster 1, and which have cellular processes related to those reported by Hynes and coworkers (2006) . The results clearly showed that this pattern was also enriched in genes involved in fatty acid catabolism, glyoxylate bypass, and peroxisome biogenesis (see Fig. 4 ). Based on this, we postulate that the core cellular processes are all conserved at the genetic, transcriptional, and regulatory level in A. oryzae and A. niger.
Conserved FarA and FarB transcription factors in aspergilli
Both FarA and FarB proteins are classified as Zn(II) 2 Cys 6 transcription factors. FarA is required for induction by both short-and long-chain fatty acids, while FarB is likely required only for short-chain fatty acid induction in A. nidulans (Hynes et al., 2006) . As shown in Figure 5 , we found highly conserved FarA and FarB protein sequences across eight species, namely, A. nidulans (two strains), A. oryzae and A. niger (two strains), A. flavus, A. clavatus, A. terreus, A. fischeri, and A. fumigatus (two strains). As shown in the phylogenetic tree, considering known conserved domains analysis, the FarA protein contains both of Zn 2 -Cys 6 binuclear cluster domain (PF00172) and a fungal specific transcription factor domain (PF04082) that are conserved for all eight species. For the FarB protein, we could not identify a conserved domain of the Zn 2 -Cys 6 binuclear cluster (PF00172) in the A. niger strain ATCC 1015 and in A. terreus, whereas we found this domain in the other aspergilli investigated. According to the conserved domain analysis, both proteins FarA and FarB have similar architecture of the two conserved domains, and from this result, we can conclude that these transcription factors are evolutionary conserved among aspergilli. We further evaluated whether FarA and FarB are conserved proteins among other fungi, and here they were found to be highly homologous to genes identified in Penicillium spp, Fusarium spp, Neurospora spp, Sclerotinia spp, Ajellomyces spp, Paracoccidioides spp, Coccidioides spp, Talaromyces spp, and Microsporum spp (see more information in Supplementary File 6), whereas there is no high conservation to yeast genes.
Discussion
Fatty acid catabolism
Fatty acid catabolism occurs via the beta-oxidation pathway, in which short-chain and long-chain fatty acids are first activated to the corresponding acyl coenzyme A (acyl-CoA) and then oxidized by repeating enzymatic steps to release acetyl-CoA and acyl-CoA shortened by two carbons, which can go through further cycles of beta-oxidation. The acetylCoA released is converted to C 4 compounds via the glyoxylate bypass, comprising the enzymes isocitrate lyase (EC: 4.1.3.1) and malate synthase (EC: 2.3.3.9). With cross-species analysis of transcriptional coexpression patterns, we found that isocitrate lyase is a common enzyme between A. oryzae and A. niger. On the contrary, malate synthase did not have any coexpression, even though it is conserved at the genomics level, that is, we found orthologous genes of A. oryzae (AO090009000557) and of A. niger ( JGI48680). However, at the transcriptional level the A. oryzae gene expression showed a highly significant change with glycerol, whereas the A. niger gene did not show any significant change. Considering motif identification, we also searched for the ''CCTCGG'' binding site in both of the orthologous genes. The results indicated a single motif existing in the 5 0 upstream sequences of both species as shown in Figure 4 . This suggests that the geneencoding malate synthase of A. oryzae and A. niger is possibly controlled via the same regulator (FarA=FarB), and the fact that malate synthase was not found to have a significant changed expression in A. niger that can be a result of a false negative in the high-throughput analysis. We further identified a wide range of enzymes that are also subjected to induction by glycerol besides the beta-oxidation pathway, that is, acetyl-carnitine transferase (EC: 2.3.1.7), long-chain acyl-CoA transporter, acyl-CoA synthetase (EC: 6.2.1.3), fattyacyl-CoA oxidase (EC: 1.3.3.6), enoyl-CoA hydratase (EC: 4.2.1.17), 3-hydroxyacyl-CoA dehydrogenase (EC: 1.1.1.35), and enoyl-CoA isomerase (EC: 5.3.3.8) and carnitine-acylcarnitine carrier protein.
Peroxisomal biogenesis and peroxin
A broad range of peroxisomal proteins (peroxins) in cluster 1 were identified as being both coevolved and coexpressed in the two aspergilli. Peroxin-11 (Pex11) is normally required for peroxisome proliferation (Titorenko and Rachubinski, 2001) , and this allows the cell to regulate a number of organelles, which may significantly increase the efficiency of certain metabolic routes (Kiel and van der Klei, 2009 ). This peroxin localizes around integral protein components of the peroxisomal membrane. Similar to A. nidulans, in our transcriptome analysis we found that the pex11 genes of A. oryzae and A. niger were potentially induced by glycerol. This induction depends on the transcription factors FarA and FarB (Hynes et al., 2006; Kiel and van der Klei, 2009) , where a FarA=FarB binding site can be identified in the upstream region of pex11 (Fig. 4) . In addition, our analysis showed the presence of various peroxins in A. oryzae and A. niger, such as the receptor
FIG. 4. Positions of FarA=FarB binding sites (CCTCGG) motif in the 5
0 upstream regions of core genes involved in fatty acid catabolism, glyoxylate bypass, and peroxisome biogenesis that have transcriptional coexpression in the two species. For individual gene name, the ORF is prefixed by ''AO'' for A. oryzae RIB40, ''JGI'' for A. niger ATCC1015.
172
docking complex, consisting of the peroxins Pex13, Pex14, and Pex17. These proteins are involved in peroxisomal biogenesis and form a protein complex present at the peroxisome membrane. Furthermore, we identified peroxin-10 (Pex10) that contains the RING-finger motif that is a characteristic element of E3-ubiquitin ligase (Kiel and van der Klei, 2009 ). Another important peroxin found is peroxin-1 (Pex1), which is an AAAþ-type ATPase associated with a variety of cellular activities. In addition, we found Pex16, which is an integral membrane protein that may play a role in the formation of the peroxisomal membrane (Kiel and van der Klei, 2009) . Through this study, we found the presence of the Pex gene family in the two aspergilli genomes investigated, and this suggests that the peroxins involved in peroxisome biogenesis and proliferation are conserved in these fungi and probably induced by glycerol via FarA and FarB proteins, indicating the importance of peroxisomes in cellular metabolism.
Regulation of transcription factors
Aspergilli are very versatile microorganisms with an ability to use diverse carbon sources. Not surprisingly, we found several transcription factors controlling carbon metabolism from this study. Our findings indicate that the conserved CCTCGG motif from gene cluster 1 is present in the upstream region of genes involved in lipid metabolism and peroxisome biogenesis of A. oryzae and A. niger. This indicates that regulation of these genes is governed by the FarA and FarB transcriptional activators. One may speculate why there is regulation of these pathways by glycerol, but this is likely due to the fact that fatty acids are generally available as triacylglycerides and phospholipids that contain glycerol as the backbone. We also found genes in cluster 2 that had present the XlnR binding site in their upstream region. XlnR is a transcriptional activator that regulates xylanolytic and cellulolytic enzymes (Gielkens et al., 1999; Marui et al., 2002a Marui et al., , 2002b Tamayo et al., 2008; van Peij et al., 1998a van Peij et al., , 1998b . We found the conserved ''GGNTAAA'' motif overrepresented in the upstream region of genes in cluster 2, and in particular in the upstream region of genes involved in pentose metabolism, the pentose phosphate pathway and nucleotide sugar metabolism of A. niger and A. oryzae (see Supplementary File 5). We also found CreA overrepresented as a putative transcription factor for genes in cluster 3. CreA is the major mediator of carbon catabolite repression Kelly, 1989, 1991) , its binding site was enriched in the genes for utilization of sugar in A. oryzae as also found in the metabolic pathway enrichment analysis in Table 1 . Another transcription factor identified was Adr1. We observed the conserved TGCGGGG motif to be present in the upstream sequence of genes shown in cluster 4, in particular, for genes involved in ethanol utilization, lactate metabolism, amino acid metabolism, and fatty acid metabolism. From our finding (Table 2) , we further assessed the distribution of their respective motifs across both Aspergillus genomes. The genes that have the binding motif present in their upstream regions are listed in Supplementary File 7 and it is found that there is a similar genome coverage as well as a similar GO enrichment for the two aspergilli.
From this study, one can obtain a better understanding of the complex relationships between coexpression of genes. We found that FarA and FarB are conserved regulators of 
GENOME-WIDE COEXPRESSION AND COEVOLUTION IN ASPERGILLI
aspergilli that govern regulation of coevolved and coexpressed genes related to core biological processes. Our work therefore improved functional annotation and the reconstruction of regulatory networks in aspergilli as well as highlighting the advantages of exploitation of bioinformatics coupled with integrated data analysis for the discovery of biological mechanisms from omics data.
